Spreading throughout a new ecosystem is the last step of an exotic species to become invasive. In the case of invasive aquatic molluscs, tolerance to air exposure is one of the main mechanisms allowing overland translocation and spreading. The mudsnail Potamopyrgus antipodarum (Hydrobiidae, Mollusca) is native to New Zealand but it has spread worldwide, invading ecosystems in Europe, Australia, America and Asia. The aim of our study is to assess mudsnail tolerance to air exposure, which may contribute to the successful overland translocation of this species. We conducted a laboratory experiment with four levels of air exposure (9, 18, 24 and 36 hours in a controlled climatic chamber). Snails were placed for 60 seconds in a laboratory paper filter to remove surface snail water. Then they were placed back in empty vessels during the four periods of air exposure, except the control group, which was immediately returned to water. At the end of each period of air exposure all vessels were filled with water and the cumulative mortality was monitored after 24, 96, 168 and 264 hours of rehydration. The calculated Lethal Times (i.e. the time of air exposure (in hours) necessary to cause the death of 50% (LT50) or 99% (LT99) of the population) and their 95% confidence limits at 24, 96, 168 and 264 hours were 28.1 (25.2-31.9), 26.9 (24.2-30.1), 25.9 (23.4-28.9) and 25.9 (23.4-28.9) hours, respectively for LT50, and 49.6 (42.7-63.3), 45.6 (39.9-56.5), 43.2 (38.0-53.0) and 43.2 (38.0-53.0) hours, respectively for LT99. Therefore an air exposure time over 43 hours caused the death of all studied individuals during all monitoring periods. Extending the monitoring period beyond 24 hours did not significantly change lethal times. Therefore, we recommend exposing fishing tools or boats at open air during at least 53 hours as a low cost measure to control mudsnail spread in early stages of invasion.
introduction
Biological invasions are one of the most important ecological problems at worldwide scale (Everett 2000) . Humans have overcome all biogeographical barriers, connecting all parts of the World (Everett 2000 , Nentwing 2007 ). This fact has facilitated the spread of exotic species on a large scale, causing a decline of biodiversity, a biotic homogenization of ecosystems (Enserink 1999 , Gherardi 2007 , Nentwing 2007 , and huge economic costs (Everett 2000) . The process of becoming an invasive species (i.e. an widespread exotic species that causes adverse effects on the invaded ecosystem) (Davis and Thompson 2000; Mack et al. 2000) is very complex and it is governed by an interaction of habitat conditions (e.g., climate), species functional traits (e.g., tolerance to environmental factors) and human factors (e.g., uses of the species) (Kolar and Lodge 2001 , Gherardi 2007 , Nentwing 2007 , Castro-Díez et al. 2011 . The invasion process includes three main steps: transport, establishment and spread (Kolar and Lodge 2001, Sakai et al. 2001) . Exotic species must overcome all these steps through a combination of several mechanisms. Therefore only a small proportion of the exotic species arriving in a new ecosystem becomes invasive (Williamson and Fitter 1996, Sakai et al. 2001) .
A rapid spread is the previous step to consider an exotic species as invasive. In the case of aquatic molluscs, tolerance to air exposure (i.e., absence of contact with water during a period of time) is one of the main prerequisites allowing overland transport, because many vectors require the ability to survive out of water (e.g., attached to nets, boats, buoys, waterfowl, etc.) (Ricciardi et al. 1995 , Richards et al. 2004 . Therefore the longer the period the mollusc can survive out of water the higher is the probability of successful translocation.
The mudsnail Potamopyrgus antipodarum (Hydrobiidae, Mollusca) is native to New Zealand but has spread worldwide, invading ecosystems in Europe, Australia, America and Asia (Alonso and Castro-Díez 2008) . This snail is called mudsnail since it buries itself in the sediment during drought or cold periods (Duft et al. 2003a) . This mollusc has a solid and well-formed operculum, a small narrow shell (length 1-10 mm), and it possesses a strong mobile and retractile foot (Winterbourn 1970 , Kabat and Hershler 1993 , Duft et al. 2003a . Non-native populations are parthenogenetic with almost all individuals being females, which allows a rapid colonization of the invaded ecosystems (Alonso and Castro-Díez 2008) . Additionally, the potential number of generations per year is up to six, and the average number of offspring per adult is 230 (Møller et al. 1994 , Richards 2002 . This species can spread through transport vectors, such as fish, waterfowl or fishing tools, due to its ability to survive the passage through the digestive tract (in the case of fish) or to its air exposure tolerance (in the case of waterfowl or fishing tools) (Richards et al. 2004 , Alonso and Castro-Díez 2008 , Vinson and Baker 2008 . The distance covered by means of the latter mechanism depends on how much time the mudsnail can survive out of water, which has not received much attention so far (but see Richards et al. 2004, Lysne and Koetsier 2006) . Additionally, the knowledge of the air exposure tolerance can help to establish protocols to avoid translocation, as air exposure is a simple and low-cost method for exotic species control (Richards et al. 2004 ). This knowledge is crucial to avoid the establishment of mudsnail in new aquatic ecosystems (Richards et al. 2004) as the air-exposed vectors (e.g. birds, wild animals, human vectors, etc.) can be used by mudsnail to invade new aquatic ecosystems or to spread in an invaded ecosystem.
Previous studies on aquatic invasive molluscs have shown contrasting tolerances to air exposure among different species and environmental conditions. In the case of the mudsnail there are two studies for American populations (Richards et al. 2004, Lysne and Koetsier 2006) . Both studies showed higher tolerance in bigger individuals and longer survival in damp and moist environments than in dry ones. However, no information is available on the air exposure tolerance of European populations of mudsnail which could possess contrasting tolerances. The aim of this study is the assessment of the air exposure tolerance of mudsnail under laboratory conditions to different periods of water absence to make recommendations to control the spread of this exotic species.
Material and methods
The snails used in the experiment (mean length size of 3.8 mm, total number of 120) were obtained from our laboratory culture at the Department of Ecology (University of Alcalá). The culture was initiated with snails collected from the natural unpolluted upper reach of the Henares River (Guadalajara, Spain) in January 2009. Snails were kept in 60L glass aquaria with USEPA moderately hard water (96 mg NaHCO 3 , 60 mg CaSO 4 *2H 2 O, 4 mg KCl, 122.2 mg MgSO 4 *7H 2 O per litre of deionised water) (US Environmental Protection Agency 2002), enriched with calcium carbonate (10 mg CaCO 3 per litre of deionised water). The culture was kept at room temperature (20-22°C) with natural photoperiod (minimum daylight=9 h and maximum daylight=15 h). Stock snails were fed with fish food (Tetra© GmbH, Germany) and dry Spirulina (Sera© Spirulina Tabs). The dry food per individual and day was around 0.10 mg. The culture was aerated with an air pump and an aquarium filter. Under these conditions snails reproduce and grow.
Snails for the experiment were obtained from the culture and acclimatized to the experimental conditions (15°C air temperature) in a controlled climatic chamber (Ansonic VSC3207). Experimental water was the same as that in the culture aquaria. Snails were acclimatized over seven days before the experiment. During this period snails were normally fed. This temperature was selected as the average for spring conditions, as higher temperatures decrease their survival (Richards et al. 2004 ).
An air exposure experiment was conducted, using four different periods (0, 9, 18, 24 and 36 hours without water in a controlled climatic chamber), each in triplicate. Eight adult snails were used in each replicate (120 individuals altogether), which consisted of a glass vessel of 8 cm diameter and 6 cm height. Snails of each replicate and air exposure treatment were taken with forceps and placed for 60 seconds on a laboratory paper filter (Anoia Filter, 73g/m 2 ), rolling them over the paper until no surface water was visible on their surface (i.e., snail shell without shine). After this preliminary dehydration, snails were placed in empty vessels for 9, 18, 24 or 36 hours, depending on the assigned treatment. Three additional replicates (with 8 snails each) were returned to the water as control treatment (0 hours of air exposure with preliminary dehydration). At the end of each air exposure period, vessels from each treatment were filled with control water (US-EPA water) and the cumulative mortality was monitored after 24, 96, 168 and 264 hours of hydration, including control treatment. Mortality was assessed by observing each snail under a binocular. An animal with a closed operculum was considered immobile and alive if after touching the operculum with forceps the snail retracted its soft body. If not it was considered dead. During the experiment air temperature and humidity in the climatic chamber were measured using a digital thermometer-hydrometer. The lethal time 50 (LT50) and 99 (LT99) (i.e., the time of air exposure in hours that caused the death of 50% and 99% of the studied population, respectively) after 24, 96, 168 and 264 hours since the end of air exposure, and their respective 95% confidence limits were calculated using probit regression analysis (Finney 1971) . The dependent variable was the probit transformation of the proportion of dead snails responding to each air exposure period (9, 18, 24 and 36 hours without water), and the independent variable was the air exposure period. Statistical analyses were conducted with SPSS 15.0 software. LT values were compared between different monitoring times using the confidence interval overlap test (Wheeler et al. 2006 )
Results
The mean±SD (n=10) environmental conditions during the experiments were 68.9±6.6 % of relative air humidity and 15.4±0.5 °C of air temperature. The mortality of P. antipodarum was relatively low up to 20 hours of air exposure. After this time, mortality increased ( Fig. 1) . Air exposure times between 25.9 and 28.1 (LT50), and between 43.2 and 49.6 hours (LT99) caused the death of the half and all studied population, respectively (Table 1 ). An increase of the monitoring time neither changed LT50 nor LT99 values, as the confidence limits between different monitoring times overlapped (Confidence interval overlap test; p>0.05). Therefore, an air exposure treatment of 53 hours (upper limit of LT99 at 264 hours) assured the death of all snails. 
Discussion
Our study demonstrated that survival of air-exposed mudsnail over short-period transport (<24 h) through non-aquatic media is highly probable. This scenario could be accomplished in waterfowl movements, transport of fishing tools (rubber boots, boats, nets, etc.) or movement of terrestrial animals (sheep, cows, domestic dogs, deer, etc.) . Therefore the desiccation tolerance may be one of the most important traits promoting the traslocation of mudsnail in inland waters. In an American population Richards et al. (2004) found a very similar tolerance of mudsnail to air exposure, with a 99% lethal time of 50 hours for individuals with shell size and environmental conditions similar to those in our study. Additionally, these authors found that under favourable conditions (temperature 9°C) 99% of the population died after 60 hours, and that small individuals were less tolerant than adults. This result is in the range of the upper LT99 confidence limit found in our study. Our study was conducted under relatively high humidity (mean RH of 69%) and 15°C of temperature which represent favourable conditions to tolerate air exposure in molluscs (Byrne et al. 1988 , Alli and Nakamura 1999 , Richards et al. 2004 . Therefore, unfavourable conditions (high temperature, dry summer, low humidity during transport, etc.) would shorten this LT99. In fact, other studies with molluscs have shown that air exposure under lower relative humidity and/or higher temperature cause mortality in shorter times (Byrne et al. 1988 , Ali and Nakamura 1999 , Richards et al. 2004 , Havel 2011 . Additionally, most of these studies showed that smaller snails were more sensitive to air exposure that larger snails. Therefore our recommended air exposure of 53 hours, calculated for large individuals and favourable conditions, could be time enough to ensure no survival of mudsnail in non-water translocation. Beside, large snails (the most prone to tolerate air transport) are the easiest to locate and remove from macrophytes, boat surface or waders. Other transportation vectors, such as domestic animals and waterfowl are risky vectors as the time to reach a new water body can be relatively short.
Air exposure caused several harmful effects in aquatic animals. In the case of mollusc a rapid loss of body water has been observed, being faster in small individuals than in large individuals (Ricciardi et al. 1995) . However, other physiological effects of air exposure have been reported for molluscs, such as depletion of energy reserves, acidosis and accumulation of anaerobic metabolites (Byrne et al. 1990 ). Therefore, one of those effects (or a combination of them) can cause the mortality observed in our experiment.
The hard operculum of New Zealand mudsnail can contribute to explain its high tolerance to air exposure. In a previous study, Wood et al. (2011) showed that adults of the native non operculated gastropod Physa gyrina presented a lower tolerance to air exposure than the operculated invasive snail Bithynia tentaculata. The hard carbonate operculum of mudsnail is a good barrier to avoid water loss, which can prolong the tolerance to air exposure, as shown for similar species (Wood et al. 2011) .
Conclusions
Avoiding the spread of invasive species is crucial for the conservation of aquatic native biodiversity. The results of our study suggest several low-cost measures to decrease the spread of mudsnail among reaches and aquatic ecosystems. First we recommend a desiccation treatment to all tools or instruments that are going to be repeatedly used in different aquatic ecosystems (e.g., exposing fishing tools at air during at least 50 hours, preferably at full sun light). Second, we recommend avoiding the access of wild and domestic animals to infected reaches or lakes (e.g., by using physical barriers or scarecrows for waterfowl). These simple measures may reduce mudsnail translocations in early stages of invasion.
